Visualizing stiffness within the local tissue environment at the cellular and sub-cellular level promises to provide insight into the genesis and progression of disease. In this paper, we propose ultrahigh-resolution optical coherence elastography, and demonstrate threedimensional imaging of local axial strain of tissues undergoing compressive loading. We combine optical coherence microscopy and phase-sensitive detection of local tissue displacement to produce strain elastograms with resolution (x,y,z) of 2×2×15 µm. We demonstrate this performance on freshly excised mouse aorta and reveal the mechanical heterogeneity of vascular smooth muscle cells and elastin sheets, otherwise unresolved in a typical, lower resolution optical coherence elastography system.
Disease often changes the mechanical properties of tissue, providing a source of contrast for diagnosis distinct to that provided by optical properties [1] . Physical palpation, the most commonly used diagnostic method based on mechanical properties, enables physicians to detect abnormalities, but is subjective and provides very coarse resolution. Elastography is a medical imaging technique based on the spatially resolved response of tissue to mechanical loading and can provide a map of mechanical properties. Elastography based on magnetic resonance imaging or ultrasound imaging [2] provides better resolution than manual palpation and is emerging as a clinical tool in the diagnosis liver fibrosis and breast cancer [3] . Optical coherence elastography (OCE) [4] , a form of elastography based on optical coherence tomography (OCT), shows promise in visualizing mechanical contrast in tissue with resolution of tens of micrometers, enabling the probing of mechanical properties on a scale intermediate between that of cells and organs. However, disease changes the mechanical properties of tissue on even smaller cellular to sub-cellular length scales [5] . Indeed, the field of cell mechanics seeks to study the onset and development of disease on the cellular scale and to characterize the mechanical signatures of healthy and diseased cellular tissue constituents [6] . Ideally, such studies would include the ability to provide in situ images at cellular resolution in live tissues in their native environment.
Atomic force microscopy [7] can be used to probe the mechanical properties on this and still finer scales, but it has a small field of view (FOV), typically hundreds of µm 2 , providing measurements from the tissue surface only, and is not compatible with in vivo imaging. Optical coherence microscopy (OCM), in both its Fourier-domain and full-field implementations [8] , is a high-resolution version of OCT providing spatially isotropic resolution below 2 µm. Elastography techniques based on OCM have the ability to probe sub-surface mechanical contrast overcoming a main limitation of AFM [9, 10] .
A limitation of elastography based on Fourier-domain OCM is the technique's small depth of field (DOF), imposed by the high numerical aperture required to achieve ultrahigh in-focus resolution [8] . On the other hand, the ability to acquire a depth scan of the sample structure, with a single spectral acquisition, is an attractive feature that enables phase-sensitive displacement measurements. The dynamic focusing ability of full-field OCM overcomes the DOF limitation, but at the expense of severely restricting accurate phase-sensitive displacement detection. To date, the employment of a digital volume correlation (DVC) method [11] on a rather large 3D sliding window has limited the strain resolution of full-field OCM.
In this paper, we seek to address the above shortcomings by achieving simultaneously high strain sensitivity and high spatial resolution. We do so via ultrahigh-resolution optical coherence elastography (UHROCE), which combines extended-focus Fourierdomain optical coherence microscopy (xf-FDOCM) [12] , phasesensitive detection, and compressive mechanical loading [13] . Bessel beam illumination and Gaussian mode detection [14] maintain sub-2 μm transverse resolution over a nearly 100 µm DOF. Phase-sensitive detection enables nanometer-scale displacement sensitivity over a wide displacement dynamic range from less than 1 nm to ~2 µm [15] . We demonstrate UHROCE in three spatial dimensions on a structured silicone phantom and on freshly excised mouse aorta, comparing UHROCE images with co-located typical, lower resolution OCE images [13] . The comparison highlights the unprecedented strain resolution of UHROCE and its ability to visualize the distribution of features, such as 10 µm-thick elastin sheets in the tunica media of mouse aorta, otherwise unresolved in the lower resolution strain elastograms.
In the UHROCE system, broadband light from a supercontinuum source (SuperK Extreme EXR-1, NKT Photonics, Denmark) is spectrally shaped to produce a spectrum with central wavelength λ0 = 785 nm and 3 dB bandwidth of 200 nm. The source output is coupled to one arm of a 2×2 broadband fiber coupler forming part of a Mach-Zehnder interferometer. The optical design of the sample arm employs pointspread function (PSF) engineering and beam scanning in a three-stage telescope system, depicted in Fig. 1(a) . A Bessel beam (Fresnel number N = 10.5) generated by a spatial light modulator (SLM) (Pluto NIR II-HR, Holoeye Photonics AG, Germany) provides a good trade-off between improved DOF and reduced peak intensity compared to an equal resolution Gaussian beam [16] . The Bessel beam is relayed from the intermediate image plane 3 (IIP3) to the object plane (OP) within the sample, with an effective demagnification of ~21x. The illumination path (effective numerical aperture, NAeff = 0.27) and separate detection path (NAeff = 0.16) result in a Bessel illumination DOF of 94 μm and a Gaussian detection DOF of 21 μm. Figure 1(b) shows the axial plane and in-focus transverse plane illumination and detection irradiance profiles, acquired using a beam-profiling camera (SP620U, Ophir-Spiricon, USA). Figure 1(c) shows cross-sections of a PSF near focus, i.e., the OCM signal generated by imaging a phantom comprising red iron oxide (Fe2O3) 300 -800 nm-sized particles (refractive index, n ≈ 3) embedded in polyurethane resin (n = 1.49) (National Physical Laboratory, UK). The measured axial and transverse resolutions are 1.5 and 1.6 μm, respectively.
Measurements of the phase stability were carried out to benchmark the displacement sensitivity of the xf-FDOCM system against an inhouse, common-path OCT system [13] . The best displacement sensitivity calculated between groups of four A-scans, at an A-scan frequency of 20 kHz, is 2.3 nm. The best displacement sensitivity for the common-path OCT system, at an A-scan frequency of 10 kHz, is 0.34 nm [13] . Such comparatively large phase fluctuations in the xf-FDOCM system are due to the relatively long path lengths employed in the Mach-Zehnder interferometer setup. A common-path configuration would reduce these fluctuations, but it could not be implemented due to the effectively "dark-field" design [14] , necessary to reduce the otherwise saturating signal from the sample coverslip. Mechanical loading was introduced using a piezoelectric transducer [13] to compress the sample, from the opposite side to that imaged.
The signal processing chain involves calculating the phase difference between a pair of complex xf-FDOCM B-scans of the uncompressed (pre-loaded) and compressed sample acquired at the same y-location. Axial unwrapping of the resulting phase difference [13] allows for unambiguous calculation of the local displacement in the sample. Local strain was estimated from the displacement map following the weighted-least squares (WLS) method described in [15] . To reduce the WLS regression window on the measured axial displacement for a given strain sensitivity, i.e., to exploit the xf-FDOCM resolution improvement, additional steps in the acquisition and signal processing scheme were required. Phase averaging was performed to improve the displacement sensitivity [13] . At each transverse x-location, four Ascans were acquired for each of the uncompressed and compressed sample states, enabling the averaging of their respective phase differences, thereby providing increased displacement sensitivity with no loss of spatial resolution. Similarly, two pairs of uncompressedcompressed B-scans per y-location were acquired and the resulting colocated B-scans strain elastograms were averaged.
A structured tissue-mimicking phantom with well-determined optical and mechanical properties was fabricated using twocomponent, room-temperature vulcanizing silicone (Elastosil®, Wacker, Germany) [17] . It comprised two stiff inclusions separated laterally by less than 20 µm, in a 325 µm-thick soft bulk. The optical properties were controlled by adding titanium dioxide (TiO2) nanoparticles (refractive index n ≈ 2.51, average diameter 25 nm) to the silicone. A scatterer volume ratio of 3:1 between the inclusion and the bulk provided optical contrast. A stiffness (Young's modulus) ratio of 3:1 between the inclusion and the bulk provided mechanical contrast. The Young's modulus of the inclusion was 150 kPa and that of the bulk was 50 kPa. These values were measured for a preload of 4 kPa applied to the bulk, corresponding to 10% strain.
We acquired UHROCE images of this phantom. Comparative images of the same phantom were taken with the lower resolution OCE system, with an OCT resolution of 7.8 μm (axial, in air) by 11 μm (transverse) [13] . The amount of phase averaging applied was similar to that used in the UHROCE system and the same axial fitting range window of 20 μm (15 μm FWHM equivalent) was used for strain estimation. For both systems, the additional bulk compression of the inclusion phantom applied during acquisition produced ~0.3% strain.
The results of this comparison are presented in Fig. 2 : for the OCE system at left; and for the UHROCE system at right. Figure 2 (a) presents OCT B-scan sections of the phantom cutting through the two inclusions. The two inclusions are much better resolved in the xf-FDOCM image, as expected, and clumps of TiO2 nanoparticles can be clearly observed. Figure 2(b) shows the displacement B-scans. The UHROCE displacement B-scan (at right) appears smoother over the chosen axial fitting length. This is related to the higher spatial frequency of the "granularity" in the image. This factor depends on the interplay between the noise sources in the displacement measurement and the axial pixel sampling density. Slightly lower OCT SNR, and higher strain-and displacement-induced decorrelation [18] , due to the smaller xf-FDOCM average speckle size (i.e., the higher resolution at focus [19] ), introduce more phase (difference) noise per pixel in the UHROCE displacement image. Nevertheless, the higher axial pixel sampling density within the given axial fitting length is the reason for the higher strain sensitivity attained with the UHROCE system, visible in the B-scan strain elastograms shown in Fig. 2(c) . A better appreciation of the transverse resolution improvement can be gained from the en-face strain elastograms in Fig. 2(d) .
We also demonstrated the value of such resolution improvement by capturing strain elastograms of an ex vivo mouse aorta. A healthy mouse aorta wall is composed of three layers [20] , progressing from the lumen outwards: tunica intima; tunica media; and tunica adventitia. The tunica intima is composed of one layer of endothelial cells followed by a layer of smooth muscle cells embedded in an extracellular matrix. The tunica media is made up of multiple smooth muscle layers interleaved with elastin sheets (lamellae) and fibers. The tunica adventitia is rich in collagen and is in contact with connective tissue, such as adipose cells. In our experiment, we imaged an excised aorta, compressed to flatten its lumen so that the tunica adventitia was lying flat against the compressing actuator and coverslip. Figure 3 shows images of the mouse aorta acquired with both the OCE and the UHROCE systems, and compares them to histology of the same tissue. Figure 3(a) shows en-face OCT images taken mainly within the tunica media. The adipose tissue on the left aided in the colocation within a few hundred microns of images acquired on the two independent systems. The xf-FDOCM image (right) reveals sections of elastin sheets (lamellae), providing higher backscattering than the vascular smooth muscle, unresolved in the OCT image (left). The UHROCE strain elastogram (right) shows that the strain within the elastin sheets is low, whilst the smooth muscle layers in between them are subject to compressive strains of up to 0.4% in some areas. The improvement over the OCE image (left) is substantial, as features clearly resolved in the UHROCE image are only partially resolved at the lower resolution. Figures 3(c)-(d) show in detail the undulating structure of the elastin lamellae (black in the histology image with Verhoeff-Van Gieson (VVG) staining) sandwiching the smooth muscle, and resulting in a muscle layer of only a few cells in thickness experiencing high strain, as detected by the UHROCE system. (In Fig.  3(b) , a phase unwrapping artifact in the UHROCE image has been removed by fusing an image at the same depth processed from the same data with different phase unwrapping parameters.)
The system and results presented here fall within the greater scope of utilizing OCM to measure tissue deformation. In this space, two groups [9, 10] have used magnetic fields to actuate exogenous agents (magnetic micro beads) dispersed in the tissue. They used Fourierdomain OCM systems for their inherent ability to detect nanometerrange tissue motion. The results were promising, however, tissue displacement was plotted only for specific points of interest in cell cultures, without providing an image of mechanical contrast. Another group [11] performed high-resolution compression OCE by using a piston to load the tissue and full-field OCM to detect the local displacement, from which they derived the strain tensor. They presented images of the axial strain experienced by compressed biological ex-vivo tissue, but, as mentioned above, the strain resolution suffered from a rather coarse DVC method of evaluating tissue displacement.
We have proposed and demonstrated compression UHROCE and compared it to a typical, lower resolution phase-sensitive, compression OCE system. The spatial resolution (x, y, z) of the strain elastogram, at 2 × 2 × 15 μm, is the highest reported to date in optical elastography. We have demonstrated the advance in terms of resolution by imaging an inclusion phantom and an ex vivo mouse aorta. The results show the ability of UHROCE to resolve mechanical heterogeneity at the micrometer scale, suggesting the method could be suitable for imaging of cell mechanics in situ in tissues [21, 22] . A challenge for stiffness quantification at the cellular level with the proposed technique is the uneven stress distribution within the flattened sample. The addition of methods of estimating local stress [23] would allow this technique to be made quantitative along the axial direction and produce elastograms representing tissue stiffness (Young's modulus), similar to those obtained with dynamic full-field OCE [21] , but at a higher spatial resolution. Such a combination of resolution, depth of field, and quantitative mechanical properties would represent a unique combination in the study of mechanobiology.
